The grazing emission X-ray fluorescence (GEXRF) technique was applied to the analysis of different Al films, with nominal thicknesses in the range of 1 nm to 150 nm, on Si wafers. In GEXRF the sample volume from which the fluorescence intensity is detected is restricted to a near-surface region whose thickness can be tuned by varying the observation angle. This is possible because of the refraction of the fluorescence X-rays and the quite long emission paths within the probed sample. By recording the X-ray fluorescence signal for different shallow emission angles, defined relatively to the flat, smooth sample surface, the deposited Al surface layers of the different samples could be well characterized in terms of layer thickness, layer density, oxidation and surface roughness. The advantages offered by synchrotron radiation and the employed wavelength-dispersive detection setup were profited from. The GEXRF results retrieved were confirmed by complementary measurements. The experimental setup, the principles and advantages of GEXRF and the analysis of the recorded angular intensity profiles will be discussed in details.
Introduction
Thin film depositions or coatings can be prepared by different methods like atomic layer deposition (ALD) [1] , chemical vapor deposition (CVD) [2] , molecular beam epitaxy (MBE) [3] , magnetron sputtering [4] , pulsed laser deposition (PLD) [5] , spin coating [6] or electrospraying [7] . They are important for both technological and scientific applications. The aim of the layer deposition is to modify the thermal, mechanical, optical, chemical or electrical properties of a system. Examples of applications are organic surface modification, chemical sensors, photoelectrochemical cells, photocatalysis, structured semiconductor applications, mass storage and microelectronic devices (metal-oxide-semiconductors, dynamic random access memory), laser and X-ray optics (lenses, mirrors and multilayers). Technological progresses in the microelectronic and the solar cell industries with the inherent device size downscaling result in more demanding requirements for the thin film production and analysis. A better characterization is also asked for novel materials with high dielectric constants and oxynitride layers, which are both foreseen to replace silicon dioxide because of diffusion problems and defect density, polymer films and very thin films in the nanometer range.
As a specific example of thin-film applications, Al depositions on Si were used during some decades in the microelectronic industry, for example in the production of integrated circuits. However, the advances in the performance of semiconductor devices and their increased complexity revealed some limitations in the use of Al so that alternatives were looked for (Ag and Cu mainly) [8] although applications with Al are still realized [9] . The better adhesion of Al to the Si surface and the low intermiscibility of Al (resp. aluminates of a metal) and Si, are reasons why Al depositions on Si are still used, e.g., as a buffer layer, a diffusion barrier or an interconnect material, to circumvent the disadvantages of other metals [10, 11] . In the self-encapsulation technique [12, 13] the migration of Al through the superposed layer towards the surface and the subsequent oxidation to wear-resistant Al 2 O 3 allows to use the deposited Al also for the formation of a passivating layer which prevents corrosion. To take advantage of this property, Al layers can also be oxidized, the native oxide layer being usually too thin [14, 15] . Examples of Al depositions with different thicknesses on the top of Si by different techniques and the subsequent study of the Al layer regarding some of its properties can be found in [16] [17] [18] [19] [20] [21] . The control and characterization of the film and also the interface quality with respect to the composition, oxidation, diffusion, density, thickness and roughness are necessary in order to properly tailor nanoscaled devices regarding the surface topography and physical properties. A better knowledge of the dependence of these properties on the process parameters can thus help to select and optimize the thin film preparation and deposition process.
To analyze thin layers deposited on a substrate, different techniques can be used, each of them having its merits and inherent limitations in terms of sample consumption, cost of analysis, quantification, chemical and elemental sensitivity, lateral and depth resolution, and accessible depth region. In secondary ion mass spectroscopy (SIMS) [22] , respectively time-of-flight (TOF) SIMS [23] , the depth composition of the sample is derived from the sputter rate. It is a very precise, quantitative analytical technique which offers an excellent lateral resolution [24] but requires an ultra-high-vacuum (UHV) setup and suffers from the formation of a transient region making a reliable characterization of the first few nanometers impossible until an equilibrium regime between the implanted and sputtered ion yields is established. Thus, SIMS cannot be used to characterize very thin films or changes in the chemical composition at the surface, e.g., oxidation of the surface layer. Rutherford backscattering (RBS) [25] and medium energy ion scattering (MEIS) [26] , the related technique, are in contrast to SIMS non-destructive techniques, thus no changes in the sample properties are to be expected, but have drawbacks regarding the achievable depth and lateral resolution, the efficiency for light elements and the mass resolution for heavy elements. Also an independent determination of the density and the thickness is not possible. Techniques based on electrons [27] like Auger electron spectroscopy (AES) or X-ray photoelectron spectroscopy (XPS) are surface-sensitive and give, in contrast to ellipsometry [28] , scanning electron microscopy (SEM) [29] or scanning tunneling microscopy (STM) [30] , a direct information on the elemental and chemical composition. However, the mean penetration range of electrons severely limits the thickness of the sample which can be analyzed if this technique is not combined with sputtering. In the latter case, the analysis implies sample consumption and that reference samples are necessary for a proper calibration of the depth scale since the sputter rate varies with the chemical composition. Furthermore, absolute quantitative measurements are difficult to realize if not impossible. Particle induced X-ray emission (PIXE) based depth-profiling is characterized by a poor depth-resolution and can only be successfully applied to study some specific samples [31] . A comprehensive comparison of different analytical techniques for surface analysis is given in [32] , further comparisons of surface-sensitive techniques can be found in [33] [34] [35] [36] .
Often a combination of the different techniques is necessary to gather the required information.
With respect to the mentioned techniques, methods based on X-rays like diffraction, scattering or, as in the present study, X-ray fluorescence (XRF) are competitive in terms of characterization of the surface [37] . They are in addition non-consumptive and do not necessarily require a high-vacuum environment like particle-based methods. At the same time they require little or no sample preparation, can be applied to a wide range of materials regarding the elemental and chemical composition as well as the concentration, allow for quantitative measurements and are characterized by a high surface-sensitivity if combined with a grazing incidence or emission geometry. Usually the efficiency of surface analysis (or interface analysis in the case of multilayered samples) by means of X-ray probing is limited by the weaker interaction of X-ray photons with matter as compared to ions and the inherent rather large penetration depth of the incident primary X-rays into the sample. In grazing incidence XRF (GIXRF) and grazing emission XRF (GEXRF) the capability to analyze the surface is improved by varying the incidence angle, respectively the exit angle, around the critical angle for total external reflection, which depends on the material and the wavelength of either the incident or the fluorescence X-rays, and by monitoring the fluorescence intensity (Fig. 1) . The probed depth region, which depends on the angle, varies in this angular range from a few nanometers to several hundred nanometers (see Fig. 3 for the case of Al and the Al Kα line in GEXRF conditions). Consequently, because of the wide range of accessible depth regions, GIXRF and GEXRF have, compared to SIMS, AES, or XPS, less restrictions regarding the film thickness that can be analyzed. Moreover, depending on the layer thickness, the number of deposited atoms can differ by several orders of magnitude, but the linearity in the intensity response of X-ray detectors provides enough flexibility for quantitative measurements. As discussed in this paper both, GIXRF and GEXRF, have been used for thin film analysis. Other application domains are micro-and trace analyses, surface contamination control (see [38] [39] [40] [41] for GIXRF and [42] [43] [44] for GEXRF among others for semiconductor applications) and depth-profiling of ion-implanted samples (see for example [45] [46] [47] for GIXRF and GEXRF, respectively). In the latter application a comparison of GIXRF and GEXRF for Al implantations in Si can be found in [48] . In the two former application domains the X-ray fluorescence intensity is detected at a fixed incidence or emission angle below the critical angle since the primary goal is to detect the presence of contaminants. In this case the grazing incidence geometry is commonly referred to as the total reflection of X-ray fluorescence (TXRF) technique [49] [50] [51] . TXRF has also been combined with sputter etching [52] to realize depth-profiling experiments. A comparison of GEXRF with TXRF and other X-ray emission techniques in the domain of trace element analysis can be found in [53] . In this article the investigation of thin films regarding the thickness, roughness, density and oxidation level by means of synchrotron radiation based high-energy-resolution GEXRF will be reported for the example of Al deposited on Si wafers with different nominal thicknesses (assuming continuous layers).
GIXRF and GEXRF
From an experimental point of view, GEXRF and GIXRF are based on the refraction of the incident respectively emitted X-rays at the flat, smooth sample surfaces or intra-sample interfaces in order to enhance the sensitivity towards the surface and near-surface regions with respect to the bulk sample. Indeed for X-rays the real part of the complex refractive index n (related to the scattering properties) of solid samples is smaller than one by a decrement factor of 10
. Consequently, X-rays undergo total external reflection at the sample surface at small enough incidence angles. A second factor contributing besides the refraction to the surface-sensitivity are the implicit long incidence paths, respectively emission paths, within the sample. The consequences are a larger sensitivity to the sample matrix and a limited depth region effectively contributing to the detected X-ray fluorescence yield because of absorption (related to the complex part of n). The basic idea of the grazing geometries is to either enhance the excitation process of the surface and/or near-surface region with respect to the bulk volume (GIXRF) or to restrain the region from which the excited fluorescence signal can be detected to the surface and/or near-surface region (GEXRF).
The grazing emission geometry was derived in 1983 from the grazing incidence geometry [54] . In GIXRF, and also in the X-ray standing wave (XSW) technique under total reflection conditions [55] , an X-ray standing wave-pattern is created by the coherent superposition of the incident and reflected wave for incidence angles below the critical angle of total external reflection. For thin layered samples, depending on the incidence angle and the different refractive indexes, the X-ray standing wave-pattern is created on the top of the surface or within the thin layer. In the first case the incidence angle has to be below the critical angle for the surface layer, in the latter case between the critical angles for the surface layer and the bulk, the necessary condition being that the critical angle for the bulk is larger. A restriction for XSW is that the period of the standing wave-pattern should not be much larger than the layer thickness. The wave-pattern is characterized by planes with constructive and destructive interferences which are parallel to the sample surface and whose position with respect to the reflecting surface and periodicity depend on the incidence angle and the incident wavelength. Only an evanescent, exponentially damped wave, propagating along the surface penetrates into the sample region below the interface on which the standing wave-pattern is created (typically 3-5 nm). Thus, there is a non-negligible chance for the absorption of incident X-rays and the emission of fluorescence radiation in the mentioned sample region. The short vertical penetration range is due to the energy and momentum conservation. By varying the incidence angle, the evanescent wave is modified due to the varying penetration depth (kinematical factor) and the changing standing wave-pattern (dynamical factor) [54] . For continuity reasons the intensity of the evanescent wave has to be equal to the one of the standing wave at the reflecting interface. The total external reflection of X-rays not only improves the excitation efficiency for fluorescence radiation in the near-surface or -interface region but also prevents in addition fluorescence excitation in the bulk. For larger incidence angles the reflection coefficient drops towards zero and the depth region contributing to the measured X-ray fluorescence intensity starts to increase since the incident beam penetrates into the sample volume below the reflecting interface. However, upon the transition through the separating interface the incident beam is deviated because of the refraction process. Also, due to the shallow incidence angles, the X-ray absorption is quite pronounced in the depth direction, limiting the volume in which X-ray fluorescence is effectively excited. Depth-sensitive measurements of multilayers and thin films deposited on a surface were performed by means of GIXRF [56] [57] [58] [59] [60] or by means of XSW under grazing incidence conditions [55, 61] . The thickness and the density of the films as well as the elemental amount or quantity of deposited material were assessed. In most cases the assumption of a stratified model with homogeneous and discrete layers was made to fit the data by inverse modeling, the initial model needing to describe the probed sample already well enough for a reliable interpretation [55, 57] . Also the surface roughness had to be considered [62, 63] and the X-ray source coherence lengths were found to have a major impact on the extension of the standing wave-pattern [49, 50] . A different grazing incidence technique is X-ray reflectometry (XRR) [64] . In XRR the change in the reflected intensity is monitored as a dependence of the incidence angle in order to deduce the layer density (from the critical angle) as well as the layer thickness and interface roughness (from the Kissing fringes in the intensity curve) [65] [66] [67] [68] . From an experimental point of view, the studied layer is required to have a sufficient thickness and to be laterally homogeneous to be suitable for XRR measurements.
With respect to GIXRF, GEXRF can be considered as being based on an inverted setup in the sense that the paths for excitation and detection of the X-ray fluorescence intensity are exchanged in order to switch from an angle-dependent excitation of the X-ray fluorescence under grazing incidence conditions to an angle-dependent detection under grazing emission conditions (Fig. 1) . Actually, the GIXRF and GEXRF setups are not only similar but, because of the principle of microscopic reversibility and reciprocity [69] , also equivalent from a physical point of view: if grazing incidence and grazing emission experiments were performed with the same wavelength λ, the distributions of the atoms contributing to the observed fluorescence yields would be identical [54] .
In GEXRF, the primary beam penetrates into the bulk sample and, thus, no standing X-ray wave-pattern is created. However, for sufficiently small observation angles relatively to the sample surface only the X-ray fluorescence emitted by surface-near atoms is observable. Indeed, X-rays emitted from atoms located far from the surface interface are refracted away from the surface upon the transition of this interface (inverted path with respect to the incidence X-rays in GIXRF). Consequently for observation angles in the range from 0 mrad to the critical angle only the fluorescence emitted by near-surface atoms can be detected. GEXRF is characterized by the excitation of an internal evanescent wave, equivalently to the evanescent wave in GIXRF. This results in a considerably enhanced surface sensitivity as the contribution of the bulk atoms to the detected intensity is suppressed and explains, thus, the surface-sensitive character of GEXRF. For observation angles above the critical angle, the fluorescence signal produced further away from the sample surface is also observable. Nevertheless, the probed depth region is still on the submicrometer scale since the shallow observation angles result in long emission paths within the sample and consequently in a quite pronounced absorption. As mentioned, GEXRF was also used, like GIXRF, for thin-film and layer analysis of metallic elements or alloys [70] [71] [72] [73] [74] in order to study surface oxidation, growth processes, the influence of neighboring low-Z layers or simply the density and thickness of the deposited films. The GEXRF method shows, thus, a good potential for layer characterization and for process control, since besides the elemental information also structural information on the thin films can be obtained. The explanation for the enhanced sensitivity of GEXRF for these sample types is given by the fact that, as long as the reflection coefficients on the different interfaces are non-zero, there is more than one possible emission direction towards the detector (Fig. 2) . Depending on the differences in the path lengths towards the detector, constructive or destructive interferences occur for sources at different well-defined vertical positions. This is the same condition as the one for the creation of a standing wave-pattern inside a thin film or layer in grazing incidence conditions except that in grazing emission the position and periodicity of the planes depend on the emission angle and the fluorescence wavelength. However, only for paths with no (directly transmitted X-rays) or an even number of reflections on the interfaces is the difference in the path length independent from the vertical position of the source and interference fringes are observable in the angular profile. The oscillations observed in the angular intensity profile of the Cr Kα line of Cr/Au/Cr layers deposited on quartz glass were interpreted as an experimental evidence of the aforementioned reciprocity theorem [75] . The interference pattern is usually more pronounced if the refractive index of the substrate is smaller than the refractive index of the layer and consequently the dependence of the angular profile on the thickness will be more distinct. The latter condition is of prime importance for trace element analysis. For Al layers deposited on Si this is, however, not the case. It will be shown in this article that an accurate analysis was nevertheless possible.
From an experimental point of view one should note that the critical angle referred to in GEXRF is larger than in GIXRF since it is defined relatively to the wavelength of the fluorescence X-rays and not to the one of the primary X-rays. This mainly results in a rescaled angular range with respect to the critical angle. Also due to the different X-ray energies of interest, once below (GEXRF), once above (GIXRF) the absorption edge, the sensitivity towards the sample matrix is different. The most crucial difference concerns, however, the incident radiation used to excite the fluorescence radiation. For geometrical reasons, the surface region over which the standing wavepattern extends varies inversely with the incidence angle. Thus, in GIXRF the beam spreads over a wide sample surface and laterally resolved studies with a resolution in the scale of a few micrometers are hardly feasible. In contrast to GIXRF, the grazing emission geometry is in combination with micro-XRF sources favorable for mapping applications. Such GEXRF mapping measurements were performed using a micro-sized collimated synchrotron radiation beam [42] or employing a polycapillary optics mounted in front of an X-ray tube [76] [77] [78] . Also, GEXRF setups can be combined with different excitation sources (protons [79] , electrons [80] , mono-or polychromatic X-ray beams) since the angular intensity dependence is essentially given by the refraction of the produced fluorescence X-rays. The advantage of using charged particles is that the fluorescence signal is mainly produced close to the surface, i.e., in the region of interest to which the GEXRF measurement is sensitive, due to the lower penetration depth of particles. The disadvantage is, however, a more complicated analysis since the production of the fluorescence signal in the analyzed sample region (Fig. 3 ) cannot be assumed to be depth-independent. In Fig. 3 , the attenuation of the primary X-ray beam for the extinction depth corresponding to the exit angle is shown. The extinction depth corresponds to the depth from which the emitted fluorescence intensity is attenuated by a factor of e −1 on the way from the fluorescence atom to the surface, whereas the critical thickness corresponds to the depth region for which absorption effects for the incident and emitted radiation can be safely neglected [81] . This restriction for the linear regime of calibration curves was first discussed for TXRF [82] .
On the other side, GIXRF setups are characterized by a quite large solid angle because the energy-dispersive detectors are mounted close to the target surface, whereas the unavoidable collimation of the fluorescence radiation, needed to define the observation angle, reduces the luminosity of GEXRF setups. However, this allows for the use of wavelength-dispersive setups, where a collimation of the fluorescence radiation is automatically realized via the Bragg condition. The drawback related to the small solid angle characteristic for wavelength-dispersive instruments is in addition partly canceled by the fact that no additional collimator is needed. The main advantages offered by wavelength-dispersive setups are their energy resolution, providing a greater sensitivity to chemical states and a good separation of the many L-lines of mid-Z elements and/or M-lines of heavy elements, their good background rejection capabilities, which contributes to an improved signal-to-background ratio, and finally their sensitivity towards low-Z elements. These advantages compensate partially the lower luminosity. As explained in the next section this proved, in combination with the advantages offered by synchrotron radiation (high flux and energy-tunable, monochromatic X-ray beam) to be extremely useful for the characterization of Al films on Si.
For the sake of completeness it should be mentioned that the combination of grazing incidence and grazing emission geometries was also realized for thin film analysis [83, 84] , the chemical conditions and surface/ interface roughness between two layers being analyzed together with the film density and thickness. Either the dependence of the X-ray fluorescence intensity on the incidence angle was measured for different emission angles or vice-versa which offers the possibility to acquire different data sets for one sample. Due to the collimation of the incident and emitted X-ray radiation, the detection efficiency of these setups is reduced. The main motivation for this type of setup is the very low background since the excitation and the detection process focus both on the near-surface regions. Finally, combinations of other X-ray analytical techniques like absorption (with grazing incidence [85] [86] [87] and grazing emission [76, 88, 89] ) and diffraction (with grazing incidence [90, 91] and grazing emission [92] ) were also realized to determine the nearest-neighbor configurations or the surface structure.
Experimental
The presented GEXRF measurements were realized at the ID21 beamline of the European Synchrotron Radiation Facility (ESRF) in Grenoble, France. The high-resolution reflection-type von Hamos curved crystal X-ray spectrometer of the University of Fribourg [93] was installed downstream of the beamline's scanning X-ray microscope (SXM) chamber. The University of Fribourg's von Hamos spectrometer, when installed at the ESRF ID21 beamline and configured in the GEXRF geometry, has been characterized in terms of detection limits [42, 43] and depth-profiling capabilities [47, 48] . The main components of the spectrometer ( characterized in [94] . It is placed on the curvature axis of the crystal, consists of 1340 × 400 pixels (h × v), each pixel having a size of 20 × 20 μm 2 and the electronic's read-out speed is 1 MHz. The bending of the crystal offers a focusing on the CCD in the non-dispersive plane and thus an enhancement of the collection efficiency whereas the positional information stored by the CCD allows for a discretization of the covered Bragg angle range along the dispersive axis. The crystal and detector positions are fixed by the lattice constant of the employed crystal and the measured fluorescence energy via the Bragg law. Since the Bragg law fixes the detection path from the sample towards the detector, grazing emission conditions are realized by tilting the flat, smooth target surface close enough to the detection direction. For the detection of the Al Kα, respectively Si Kα fluorescence lines, the spectrometer was equipped with the ADP (101) crystal (2d = 10.642 Ǻ, curvature radius R =254 mm, crystal height h = 100 mm). Only events diffracted by the crystal are incident on the CCD, background events being mainly due to the electronic noise, scattering and cosmic events. Their contribution to the measurement is reduced by the subtraction of a background image to each acquired frame and an energy discrimination in the analysis of the detected events. The primary X-ray beam, which enters the spectrometer chamber parallel to and at the height of the spectrometer's dispersion plane, was delivered by a wiggler and monochromatized by two Ni/B 4 C multilayers. Higher-order harmonics were rejected by means of two Si mirrors tilted at an angle of 12 mrad with respect to the incident primary beam. The beam size was defined by a pinhole with a diameter of 1 mm. The beam energy resolution was about 6 eV for the two selected primary X-ray beam energies, namely E 0,Al = 1.582 keV for the detection of the Al-Kα line and E 0,Si = 2.000 keV for the Si-Kα line, both energies being just above the K-absorption edge of the respective element. The primary beam photon flux was about 5 × 10 10 , respectively 2 × 10 11 photons per second for the mentioned energies.
The choice of the excitation energy for the Al Kα fluorescence line was guided by several considerations. At the excitation energy of 1.582 keV, in addition to the suppression of the strong Si Kα fluorescence line and the photoelectric absorption cross-section of the Al K-shell being close to its maximal value, a considerable background reduction was achieved. Indeed, a possible overlap of the K X-ray resonant Raman scattering (RRS) of the Si L-shell [95] , whose cut-off energy depends on the primary beam energy, with the Al Kα fluorescence line was avoided while the elastic peak was still not incident on the CCD [42, 43] . Note that this separation could only be achieved thanks to the high energy resolution of the von Hamos spectrometer. Indeed, with an energy-dispersive setup the Al Kα fluorescence line could not be separated from the Si RRS-KL and the elastic signal even with the best available detectors in terms of energy resolution. The remaining background overlapping with the Al Kα line was found to arise only from the weak Si RRS-KM and the intrinsic noise of the CCD detector (about 2.5 × 10 −4 counts per second), which allowed for a direct detection limit of 3.7 × 10 12 atoms/cm 2 for Al impurities on the surface of Si wafers [43] . The background conditions for the measurements with the Al-layered samples are illustrated in Fig. 4 . The combined advantages of the energy-tunability of synchrotron radiation beams and the high energy resolution detection are highly valuable if the fluorescence line of a trace element in or on a bulk sample with an atomic number higher by one unity has to be detected [96] . For each fluorescence line, the grazing exit angle is defined with respect to the corresponding Bragg angle. However, for a fixed target angular position the exit angle varies on the CCD along the dispersion direction, i.e., the detector axis, as a function of the Bragg angle. This contributes, together with the Darwin width of the crystal and the natural linewidth of the fluorescence signal, to the angular resolution of the grazing emission experiment, even if this contribution is attenuated by the intensity distribution of the measured fluorescence X-ray line. In order to acquire grazing emission intensity profiles with a proper angular resolution an area of interest is defined on the CCD in both the horizontal and vertical directions. Only X-rays detected within the area of interest are taken into account in the angular intensity profile. In the selection of the area of interest on the CCD a compromise between intensity and angular resolution has to be made. Horizontally the region of interest is centered on the maximum peak intensity of the measured X-ray fluorescence line (inset of Fig. 4 ), vertically it is centered on the dispersion plane which is defined by the crystal and detector axes and which contains the incident synchrotron beam. The vertical restriction is necessary because of geometrical considerations due to the vertical extension of the irradiated sample area and the cylindrically curved diffraction crystal. The fluorescence signal from a source atom which is vertically off-axis with respect to the dispersion plane will be reflected by the crystal to a CCD region which is vertically and horizontally displaced with respect to the signal from a fluorescence source which is on-axis. Thus, the exit angle at which the fluorescence radiation left the sample changes along a vertical line of the CCD. A last contribution to the angular resolution arises from the fact that the exit angle of the fluorescence radiation emitted by a single source and which is incident on the crystal planes at the Bragg angle is not constant but varies along the crystal height. This is imposed by the spectrometer geometry and the condition to realize grazing emission conditions. Indeed, to realize GEXRF experiments, the sample surface cannot be oriented vertically to the dispersion axis. The blurring of the angular resolution depends in principle on the crystal height and the radius of curvature. The effect of this contribution is, however, less important when a region of interest is defined on the CCD and either the sample or the CCD is out of the crystal's focus, i.e., not positioned on the axis of curvature of the crystal. In the present case the spectrometer design foresees an off-axis sample positioning [93] .
The horizontal extension of the irradiated sample area W Beam does not contribute significantly to the angular resolution. In grazing emission conditions the crystal sees the target as a line-like source, the contribution to the angular resolution is then proportional to W Beam × sinφ where φ stands for the exit angle. The proportionality factor is given by the spectrometer geometry. Consequently, the spectrometer can be operated in a slit-less mode without deteriorating the angular resolution, the contribution of the diffracting crystal being the Darwin width. The slit-less operation mode presents the advantages that no beam profile effects have to be considered and that the luminosity of the setup is slightly increased since, horizontally, the whole irradiated surface of the sample contributes to the measured fluorescence. The experimental angular resolution of the presented setup was assessed by a convolution of the angular profile which best fitted the experimental data with a Gaussian, the width of the Gaussian being the intrinsic instrumental angular broadening. The resolution was found to be 0.17 mrad. This is better or comparable to the reported angular resolutions of other GEXRF setups which are of the order of 1 mrad or lower [49, 74, 76] . In the latter setups either an analyzer crystal or an energy-dispersive detector in combination with a collimator slit system was employed to define the grazing emission angle. A compromise between angular resolution and detection sensitivity had to be made depending on the main experimental purposes (trace-element control or structural surface characterization).
The intensity of the Al Kα-line was measured at 100 different angular positions separated each by 0.4 mrad and acquisition times of 50-200 s for each step, depending on the sample. The Si Kα fluorescence X-ray line was measured at 40 different points separated by 1 mrad with a collecting time of 20-30 s per point. The accuracy of the system used to orientate the sample is 0.04 mrad. During the acquisition of an angular profile, all experimental parameters (crystal reflectivity, solid angle, CCD efficiency) remained unchanged. The angular profiles for Si were needed for calibration purposes in order to associate to the different angular positions of each sample the corresponding emission angles. Indeed, the exit angle can be controlled only on a relative scale and in order to know the exit angle on an absolute scale, a reference position is needed. In our case this reference position corresponds to the critical angle φ c,Si of the Si Kα-line. The corresponding sample position is extracted from a Gaussian fit of the derivative of the measured angular intensity curve for the Si Kα-line. Once this reference position is known, the offset of the angular scale and consequently the absolute exit angle can be determined for each position of the investigated sample. For sufficiently thin-layered samples, the critical angle is supposed to correspond to the one of a Si pure bulk. With increasing thicknesses, the influence of the layer above the bulk needs to be accounted for as the experimentally determined critical angle is shifted with respect to the bulk value (see Fig. 5, upper right panel) . Depending on the ratio of the refractive indexes for the layer and the bulk material for the fluorescence line emitted from the bulk, the influence of the layer results either in a strong damping of the fluorescence line or in a shift of the critical angle in the angular intensity profile as it is the case for the Al-layered Si wafers.
The studied Al-layered Si samples were produced for nominal Al layer thicknesses of 1, 5, 10, 20, 30, 50, 74, 130 and 150 nm. The silicon wafers were produced at the Institute of Electronic Materials Technology (ITME), Warsaw, Poland, by the Czochralsky method and were cut and polished. The Al layers were then deposited by sputtering with an electron gun and the deposited mass of Al (supposed to be directly proportional to the layer thickness) was monitored by a quartz micro-balance. In addition a 28 nm Al 2 O 3 -layered Si sample produced by MBE was analyzed.
Analysis methodology
The calculation of the angular dependence of an X-ray fluorescence line on the emission angle can be realized by means of the reciprocity theorem to derive the angular profile from GIXRF calculations [97] or by starting from a matrix formalism to simulate the propagation of an electromagnetic wave through a stratified medium [98, 99] . In inverse modeling or forward calculation approaches, which are commonly used for measurements in grazing incidence, the disturbed X-ray wave-pattern has to be accounted for: in an iterative procedure, a model for the (a priori unknown) sample has to be assumed in order to calculate a standing wave-pattern [100] which allows to reproduce the experimental data, then the model is optimized. Alternatively, the GEXRF angular intensity profile can be calculated by considering directly the radiating X-ray fluorescence sources distributed in the sample and summing for each emission angle their individual contributions to the detected X-ray fluorescence intensity [69, 101] . This approach facilitates the interpretation since physical phenomena influencing the X-ray fluorescence intensity are directly taken into account and explicit analytic expressions for the angular intensity profile are obtained. The latter aspect is especially advantageous for the interpretation of experimental data since unknown parameters can be inserted as fitting parameters. With respect to a stratified media approach, where a stack of layers is used to characterize the deposited film, the number of calculation steps and free fitting parameters is considerably reduced. The analytic expressions from [69, 101] for a thin film sample and the bulk below will be reproduced hereafter. They allow to directly fit the experimental data. For a thin Al layer on the top of a bulk Si substrate the change of the fluorescence intensity I with the grazing emission angle φ can be calculated as follows
where the first factor corresponds to the change in the field strength of the fluorescence radiation upon transmission through the Al-vacuum interface, 1 the second factor corresponds to the average absorption of the synchrotron beam and intensity loss of the fluorescence radiation within the Al layer and the third factor corresponds to the interferences between fluorescence paths with different numbers of reflections on the Al-vacuum and Al-Si interfaces (Ψ(φ) corresponds to a correction term). The transmission and reflection coefficients on the different interfaces are defined as follows: For the energy corresponding to the latter line the critical angle for Al is smaller than for Si. Therefore, interference effects are much more dominant in the shape of the angular intensity profile than for the Al Kα line. This can also be seen in Fig. 5 where the angular profiles for different layer thicknesses are calculated, the Al Kβ (lower right panel) angular profiles exhibiting more interference fringes than the AlKα (upper left panel) for an identical layer thickness. The angular intensity profile for the Si Kα fluorescence line of the bulk Si wafer below the thin Al layer can be approximated by
where
The physical interpretation of the three factors is the same as in the calculation of the thin film angular profile. Note that the complex refractive indexes n Al and n Si have to be changed to the ones corresponding to the Si Kα fluorescence wavelength. With respect to the thin film angular profile, the differences are the following. In the first factor the transmission of the Si Kα fluorescence radiation through the Si-Al interface and in the second factor the presence of the Al layer have to be considered while in the third factor only the interferences between fluorescence paths with zero or an even number of reflections on the Al-vacuum and Al-Si interfaces need to be calculated. Indeed there is no possible fluorescence path from the bulk with an odd number of reflections on the different interfaces. Intensity (a.u.) In Fig. 5 In the abovementioned equations all the interfaces are considered, in the scale of the fluorescence wavelengths, to be ideally flat and smooth without any waviness or bending. While the Si wafer exhibits only a roughness in a sub-nanometer scale, the roughness of the deposited Al layers, however, cannot be assumed a priori to be negligible. The interface roughness can be included in the calculation by either modeling the thin layer as a multilayer stack with decreasing density, i.e., varying the index of refraction, towards the layer-vacuum interface or by taking a weighted linear combination of layers with different thicknesses. The characterization of an unknown sample where the roughness has to be extracted is, thus, not straightforward. For small roughnesses, a different approach consists in modifying the reflection and transmission coefficients to take into account the surface roughness, expressed as the root-mean square variation of the thickness [102] . Depending on the correlation length of the roughness, either the Debby-Waller/Rayleigh or the Névot-Croce approximation can be chosen. For the present samples, the latter approximation, which assumes a small correlation length, proved to be the most suitable to reproduce the experimental data while the roughness of the Si wafers could be safely neglected. This was checked for Si samples with and without an Al layer deposited on the top of the surface. The reflection and transmission factors for the Al-vacuum interface were therefore modified to Results provided by the above relations are only approximately correct, some second order processes which are expected to influence the reflection and transmission coefficients being not accounted for [103] .
The experimental angular profiles acquired using the previously presented setup were analyzed by means of Eqs. (1) and (2) . The latter equation was used to calibrate the angular scale for each individual sample by assessing the offset with respect to the theoretical position. For this the presence of the Al layer had to be taken into account because of absorption in the Al layer and refraction at the Si-Al and Al-vacuum interfaces. Indeed, the absorption of the primary X-ray photons and of the fluorescence Si Kα X-rays, the energy of which just above the Al K edge, attenuates considerably the intensity in the bulk angular profile with increasing Al film thickness. In addition, since for the energy of the Si Kα X-rays the critical angle for Al is larger than the one for Si, the apparent critical angle in the angular profile for the Si bulk below an Al layer is shifted towards higher values with increasing Al layer thicknesses (Fig. 5, upper right  panel) . Both factors were accounted for by assuming an ideal Al layer, i.e., a layer with bulk density and no roughness, on the top of the bulk Si when fitting the Si Kα angular profiles. The calibration of the angular scale is crucial for a correct determination of the density and oxide concentration level in the Al layer. Indeed, for a fixed layer thickness, both factors influence the critical angle in the Al Kα angular profile whereas the roughness influences mainly the shape of the angular profiles. This can be observed in Fig. 7 where for a nominal layer thickness of 10 nm the influence of a varying oxide concentration (left panel), layer roughness (middle panel) or density (right panel) on the angular intensity profile are represented. Reversely, this emphasizes the importance of an accurate angular calibration of the experimental profiles in order to allow for a correct determination of the different physical properties.
The Al Kα angular profiles acquired from the different layers were fitted by means of Eq. (1) in order to extract the layer thickness, density, oxidation and surface roughness. The layer thickness extracted from the corresponding fit of the Si Kα bulk profile was used as an initial guess to estimate which values for the layer density, oxide concentration level and surface roughness give reasonable starting values for the fitting procedure. The density and the oxide concentration level were introduced into Eq. (1) through the complex refractive index, Al and for Al 2 O 3 since the oxidation only occurs after the deposition of the Al layers. If necessary, i.e., for high oxide concentration levels, the offset of the angular scale assessed from the Si Kα bulk angular profile was reevaluated. During the fitting procedure, the experimental angular profile was fitted repeatedly with only one of the four parameters being a free variable. First the layer thickness was fitted and the other three were kept fixed at a value which was considered a good starting point by a preliminary fit. For each new least-squares fit, defined as minimization of the sum of the squares of the residuals (the difference between each data point and its fitted value), the free variable was alternated in a fixed order and the fitting procedure was only stopped after all four fitting parameters converged to their final result. The order of the sequence in which the fitting parameters were alternated did not have a noticeable, i.e., larger than the fit error which was the standard error returned by the algorithm for each individual parameter, influence on the final result. The final results obtained for the layer thickness and density, the oxide concentration level and the layer surface roughness are displayed in Table 1 . Examples of fitted experimental GEXRF profiles are displayed, together with the theoretical expectation, in Fig. 8 . While the Al-layered Si samples are well fitted for the different examples which are displayed, the Al 2 O 3 layered Si sample is less well fitted. A reason could be that the refractive index of Al 2 O 3 grown by MBE is different than the one which was assumed, i.e. the one of natural Al 2 O 3 . This shows a limitation of the grazing XRF methods, the complex index of refraction for the material and energy of interest has to be well known. Complementary measurements to determine beforehand one of the different fitting parameters would help to solve such issues, e.g., XRR could be used to determine the exact value of the layer density. In the fitting procedure, the algorithm allowed also for island-like features on the Si wafer surface in case of strongly dispersed lateral distributions for the thinnest Al films. For this the angular intensity profile for thin layers (Eq. (1)) was linearly combined with an equation describing the angular fluorescence intensity profiles for particle-like distributions on the surface, the normalized linear combination factor representing the respective weight for each type of distribution. The theoretical angular intensity profile of a low-concentration particle distribution (particle height S) on the top of a sharp interface with the bulk is given by
It is assumed that the lateral particle size does not vary along the direction vertical to the surface. With respect to Eq. (1) for thin films, the transmission factor t Al ↗ vac. is equal to 1 since there is no sharp interface between the particle distribution and the vacuum and hence only the reflection on the bulk interface needs to be considered (r Al ↗ vac. = 0). Further approximations to simplify Eq. (4), e.g., the non-consideration of the absorption effects inside the particles, can be found for small and large particle sizes S (on the nanometer-scale) in [104] . However, it turned out that even if the coverage is not continuous for some of the analyzed samples, the different Al patches are too close together to yield a typical island-like behavior in the angular intensity profile and Eq. (1) was sufficient to describe the experimental angular intensity profiles.
Results and discussion
The results extracted from the fits regarding the thickness, mass density, oxidation and the roughness of the layers are shown in Table 1 .
The layer thickness deduced by the above described fitting approach can be directly compared to the nominal thickness which is the assumed thickness for a homogeneous, pure, nonoxidized and smooth layer with a continuous lateral distribution. The layer thicknesses deduced from the shape of the angular profiles are quite different from the assumed nominal thicknesses after the deposition process. However, in the latter only the mass of the deposit is surveyed and the layer thickness is derived by assuming a homogeneous deposition. But without the knowledge of the exact density of the layer, its surface roughness and taking possible oxidation effects Fig. 5 the intensity was normalized to 1 at 60 mrad. The shape of the angular profiles changes quite pronouncedly with each of these parameters, indicating that the latter can be reliably extracted from the fits. For a varying relative oxide concentration or density the position of the maximum intensity position shifts towards larger, respectively smaller exit angles, while it does not shift with a varying roughness. Table 1 Numerical results with absolute uncertainties retrieved by means of the described fitting approach. T nom is the nominal thickness, i.e., the thickness assuming a continuous layer of pure Al. T fit stands for the fitted layer thickness, d ρ for the relative decrement in density, c Al2 O3 for the relative oxide concentration, r Al for the roughness. For some of the samples the K edge of the Al layer was also measured. The last sample corresponds to the Al 2 O 3 sample prepared by the ESRF. into account, the layer thickness cannot be properly derived from the deposited mass. Indeed, the physical surface morphology is different from the expectation of a homogeneous layer and may resemble more to an island-like distribution [17] , especially for the thinnest layers. This can also be observed in Fig. 8 where the experimental curves significantly differ from the theoretical ones. The oxidation and the surface roughness have to be taken into account. Also the density does not necessarily correspond to the bulk value. The physical properties of a thin film can differ significantly from the bulk properties [105] . Thus, if only the deposited mass is known, the layer thickness can be underestimated. However, the layer density and the surface roughness can only be estimated by XRF-based methods if an angular intensity profile is acquired (XSW or GIXRF, GEXRF or also XRR). An accurate characterization of thin layers requires complementary measurements to the XRF spectrum at a single measurement position although high energy resolution spectroscopy allows to detect an energy shift due to chemical effects for transitions in which a valence shell is involved. From the thickness, density decrement and relative oxide concentration, the number of Al atoms per surface unit contained in the layers corresponding to the different samples can be recalculated. A good correlation with the nominally deposited number of atoms is found (Fig. 9 ). Note that neither reference standard nor the knowledge of the instrumental response was needed to quantify the number of deposited Al atoms.
This quantification approach was cross-checked by means of a reference sample, a 15 keV Al-implanted Si wafer which was characterized in [48] . Usually, quantification measurements are realized by recording the XRF intensity at a single sample position and deducing the studied elemental quantity contained in the sample from the XRF intensity. These approaches are either based on a well characterized setup for reference-free quantification [106] or on a calibration of the setup by means of reference standards to determine the experimental response. For the present samples, the dose of the 15 keV Al-implanted sample, known from the reference-free quantification approach adopted by the Physikalisch Technische Bundesanstalt (PTB) [106] , was used to determine the experimental response. The XRF intensities were then compared at a single exit angle which was identical for all samples. In grazing geometries, quantification measurements by recording the XRF intensity at a single grazing angle position can be either realized at the isokinetic angle (φ c = ffiffiffi 2 p ) or at an angle far above the critical angle φ c . If the XRF intensity is recorded at the isokinetic angle, the mass calibration curve may be subject to oscillations because of possible reflections at sharp sample interfaces [104] . Also absorption effects are more pronounced. Therefore, for the present samples, the XRF-based quantification was realized at the largest grazing emission angle, i.e., 40 mrad. Depending on the thickness of the deposited layer or its composition, X-ray absorption has also to be taken into account and calibration curves, i.e., the elemental mass versus the observed XRF intensity, are no more linear [104, 107] . The limit, above which absorption effects can no more be safely neglected, is the critical thickness (Fig. 3) . Above the critical thickness the fluorescence intensity deviates from the linear dependence on the number of emitting Al atoms and tends asymptotically to a maximal value with increasing layer thicknesses and eventual intensity contributions due to reflections at interfaces are considerably attenuated. For the implanted sample, the total implanted dose is within the critical thickness so that the influence of the bulk Si can be neglected while for the layered samples, the absorption of the emitted fluorescence signal can be readily corrected for by either assuming a pure Al layer on the top of the Si surface or by taking into account the matrix composition known from the GEXRF measurements. In Fig. 9 the results from the two quantification approaches, by means of fitting the shape of the angular intensity profile and by means of the XRF intensity once the instrumental response is known, are compared and a good overall agreement is observed. It appears also that the influence of the oxidation on the absorption correction is minor. This shows that the quantification of the deposited layers from the fits of the angular intensity curves, realized without calibration of the experimental response, is quite accurate. An advantage was certainly that all experimental parameters can be considered to be constant throughout an angular scan in GEXRF while with a grazing incidence technique the footprint of the beam and the rapidly changing solid angle have to be accounted for. The quantification by means of GEXRF presents therefore an interesting alternative to calibrate the experimental setup without using reference samples or vice-versa to characterize reference samples. Indeed, thin layers grown by a well-controlled method can be used as reference samples instead of the internal standard method or deposited droplets [108] . A characterization of these samples by means of GEXRF can be complementary to relative analytical methods.
In Fig. 10 the mass calibration for Al for the presented setup is shown which allows to quantify the number of atoms deposited on the bulk from the XRF intensity recorded at 40 mrad. At this angle the critical thickness for Al Kα is about 25 nm. The experimental response is implicitly accounted for by the scaling factor with respect to the theoretical curve and can be considered to be constant for all the angular scans. The nominal values correlate less well with the theoretical trend. For thicker layers, a deviation from linearity can be observed, as previously discussed. However, by quantifying the deposited mass solely with the XRF intensity recorded at a single position, the spatial distribution of the element of interest or the matrix in which it is embedded remains unknown without further measurements. The Al layer roughness was for all analyzed samples except one found to be larger or equal to 1.5 nm, which indicates that the produced layers were quite rough. Indeed, the production of thin Al films with sub-nanometer roughness is still an active area of research [109, 110] as the surface and interface roughnesses of metallic thin films have a direct impact on the performance, e.g., of the produced junction [111] . Regarding the correlation with the deposited Al amount, a trend of a decreasing roughness with increasing layer thickness can be observed. The large roughness for the thinnest samples indicates indirectly a non-continuous coverage of the Si surface by Al and an island-like surface morphology can be suspected. The surface roughness was qualitatively crosschecked with SEM for several samples (see Fig. 11 ). This surface-sensitive technique gives an image of the lateral surface structure without elemental or chemical discrimination but shows directly the surface roughness. However, a surface degradation caused probably by the heat load deposited by the electron beam was observed. For the thinner layer a cluster formation of Al can be observed, although the 1 and 5 nm Al-layered Si samples could not be analyzed by means of SEM due to lacking contrast in the recorded images. With increasing layer thickness, these clusters grow in size, covering altogether a larger surface and a coalescence of neighboring islands can be observed. For the 30 nm sample a percolation into an island network can be seen and it can be assumed that for even larger thicknesses a continuous film starts to grow. This behavior can be best explained by the Volmer-Weber model for thin film growth [105] in which, depending on the deposited mass, first grains of increasing size are observed before a laterally continuous film is grown. This behavior for Al deposited on Si was also observed in [17] . The samples with nominal thicknesses of 30 and 50 nm were also scanned by μ-XRF in the SXM chamber of the ID21 beamline (Fig. 11, 30 nm sample) . A Ni mirror tilted at 7.5 mrad, the Si(111) double crystal monochromator with fixed exit angle and a Si mirror were used for these measurements performed at 7.5 keV. The focusing of the incident X-ray beam was realized with a zone plate and the beam size was 1.3 × 0.3 μm 2 . The observed Al-Kα intensity is proportional to the deposited amount of Al and intensity variations can be correlated to the layer roughness if the layer density is assumed to be laterally constant. Taking into account the Poisson noise, the roughness was estimated to be 2.3 nm for the 30 nm sample and 3.4 nm for the 50 nm sample. These results are in agreement with the ones of the GEXRF measurements.
Moreover, the GEXRF angular profiles are sensitive to the presence of Al oxide. The aforementioned difference in the critical angles of pure Al and Al 2 O 3 allows for an accurate estimation of the oxidation of the deposited Al layer. Indeed, the samples were not maintained in vacuum but exposed to ambient air in between the production and the analysis by GEXRF. It appears that the thinnest layer is fully oxidized and that with increasing layer thickness the concentration of Al 2 O 3 with respect to Al decreases. These findings (Fig. 12 and Table 1 ) were confirmed for the Al-layered Si samples with thicknesses between 1 and 50 nm by XANES measurements performed at the ESRF ID21 beamline (the wiggler, the Si mirror tilted at 14 mrad, the NiB 4 /C multilayer and a Si detector were used). This indicates that the oxidation process only affects the near-surface region of the deposited Al layers. Indeed, it is known that Al exposed to air at ambient temperatures oxidizes almost instantaneously at the surface; the oxide layer hinders, however, the diffusion of oxygen towards deeper lying Al atoms resulting in a lower oxidation rate of sub-surface regions [112] . In [113] it was pointed out that Al oxidation cannot only be found at the vacuum-Al layer interface on a range of 2 nm but also at the Al layer-Si bulk interface on a range of 1 nm due to the presence of a native Si oxide layer. These two considerations explain why the thinnest Al layer is almost fully oxidized and the decreasing ratio of Al 2 O 3 to Al with increasing layer thickness to an asymptotic value. In the fitting approach described above a homogeneous mixture of Al and Al 2 O 3 was assumed. Attempts to fit the experimental angular intensity profiles with a decreasing, depth-dependent (linear, logarithmic or exponential) mixing of Al 2 O 3 and Al were not fruitful, the reason being probably the mentioned Al oxidation at the interface to the bulk Si. Allowing for different Al 2 O 3 concentrations at the vacuum-Al layer interface and at the Al layer-Si bulk interface did not lead, for the thinner layers with a negligible self-absorption within the layer, to markedly different results in the ratio of Al 2 O 3 to Al than the homogeneous mixture. Since the shape of the angular intensity curve is mainly influenced by the refraction processes at the sample interfaces, GEXRF is for thicker layers insensitive to the oxidation of Al in-between two interfaces as long as the complex refractive index does not diverge significantly from its value at the interface. Thus, the oxidation of the Al layers can only be ascertained by means of GEXRF in the vicinity of the interfaces of a layered system where the exact refractive index has to be taken into account in the fit. In contrast to GEXRF, XANES allows to study the entire volume of the thin Al layers at once. Al contaminations in the Si wafer can be neglected [43] . If, however, a depth-sensitive characterization of the chemical state is needed, the GEXRF technique can be combined with absorption techniques since the choice of the exit angle allows to select the depth-sensitivity of the setup (Fig. 3 ).
Conclusion and outlook
In summary, the mean layer composition in terms of thickness, density, oxidation and roughness of different Al films deposited on Si was reconstructed by means of the synchrotron radiation based high-energy-resolution GEXRF technique. The high brilliance and the energy-tunability of the synchrotron radiation source as well as the good background rejection capabilities and the high angular resolution of a wavelength-dispersive setup, namely the reflection-type curved crystal von Hamos spectrometer of the University of Fribourg, were of advantage for the experiment. The latter consisted in measuring the fluorescence intensity dependence of the Al Kα line on the grazing exit angle, defined relatively to the flat sample surface, in the range extending from 0 mrad to beyond the critical angle. As demonstrated, the angular intensity profiles allow for an accurate and reliable characterization, validated by complementary measurements, of surface layers of very small to intermediate layer thicknesses with a resolution on the sub-nanometer, respectively nanometer scale. A wide dynamic range for the number of atoms deposited on the Si surface can, thus, be covered. In addition, information on the surface distribution and oxidation can be extracted. It can thus be envisaged to monitor the dependence of these parameters on the production process parameters. Different thin film synthesis methods could also be compared. The presented setup has the potential for the analysis of a wide range of layered samples and to offer complementary information to other surface-sensitive methods for a full characterization of the surface layers or to serve simply as a cross-check tool. As an outlook the described synchrotron radiation based high-energy-resolution GEXRF technique could also be applied to multilayered samples or to study interdiffusion processes at the interfaces of a layered system. In the first case the necessary tools for data analysis can be retrieved in [101] , in the latter case the sample has to be modeled with a stratified layer approach. A further extension to laterally inhomogeneous or well-structured samples, which cannot be accounted for by the presented theoretical model, can also be envisaged as with GIXRF [114] . Finally, because of the flexibility with respect to the elemental and chemical sample composition of XRF-based methods, the presented synchrotron radiation based high-energy-resolution GEXRF technique presents, in the case of single-layered samples where the refractive indexes of the different elements and compounds for the energy of interest are known and are sufficiently different from each other, the potential to contribute to the reliable investigation and characterization of technologically relevant samples, e.g., samples with high-k materials, or to contribute to the characterization of new reference materials.
